Abstract-Cells in the human body come across many types of information, which they respond to. Both material chemistry and topography of the surface where they adhere have an effect on cell shape, proliferation, migration, and gene expression. It is possible to create surfaces with topography at the nanometric scale to allow observation of cell-topography interactions. Previous work has shown that 100-nm-diameter pits on a 300-nm pitch can have a marked effect in reducing the adhesion of rat fibroblasts in static cultures. In the present study, a flow of cell suspension was used to investigate cell adhesion onto nanopits in dynamic conditions, by means of a parallel-plate flow chamber. A flow chamber with inner nanotopography has been designed, which allows real-time observation of the flow over the nanopits. A nanopitted pattern was successfully embossed into polymethylmethacrylate to meet the required shape of the chamber. Dynamic cell adhesion after 1 h has been quantified and compared on flat and nanopitted polymethylmethacrylate substrates. The nanopits were seen to be significantly less adhesive than the flat substrates ( 0 001), which is coherent with previous observations of static cultures.
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I. INTRODUCTION
T HE ADHESION of cells to their surroundings is of crucial importance in governing a range of cell functions in physiology, pathology, and biotechnological applications. Tissue engineers are interested in cell adhesion onto artificial biomaterials, since a better knowledge of cell behavior can be applied in clinical trials: there is a need for designing prosthetic devices whose surface triggers a specific cell response, e.g., giving control over the phenotype and activity of the cells, or reducing inflammation around the implant.
An important factor in cell adhesion is the shape of the surface ("topography") to which they adhere: different surface patterns have been shown to affect cell adhesion, morphology, and gene expression [1] , [2] .
By modifying the topography of surfaces, it is possible to study cell reaction to a variety of patterns. Surfaces with topographies at the micrometric [3] , [4] and nanometric scale [5] - [9] can be created to allow observation of cell-surface interactions in vitro; it is interesting to investigate the impli- cations of varying such a system, since the reaction of cells depends strongly on cell type and feature aspect ratio [2] , [5] , [8] , [10] - [12] . The fabrication of nanopatterned substrates can be achieved with high-precision techniques like photolithography and electron beam lithography; both are used in-house. The electron beam lithography yields a lateral resolution as high as 5-10 nm, but unfortunately, although very precise, it is also expensive and time consuming, especially if large areas need to be patterned. To overcome these inconveniences, it is possible to replicate the substrate topography by embossing a mold into polymers, which also allows the combination of the topography with different materials in a cheap and reliable way [9] , [13] , [14] .
Previous work has shown that 60-150-nm-diameter pits on a 300-nm pitch in polycaprolactone (PCL) can have a marked effect in reducing epitenon cell adhesion in static cultures [11] , [15] . It is interesting to note that also some biological surfaces show functional nanometric patterns that prevent contamination and biofouling [16] , [17] .
The work of Gallagher et al. [15] was carried out in static conditions, where Brownian motion, gravity, and perhaps convection are the main acting forces. We wanted to build a system where hydrodynamic forces play the biggest role; the reason behind this is that cell adhesion under flow conditions has a very important role in many physiological functions, e.g., in the immune and developmental system. In the living body many cells are always surrounded or transported by actively moving fluids. Making cells flow onto a substrate can change their adhesion process, binding strength, and morphology with respect to a static culture [18] - [21] . Not only it is, perhaps, physiologically correct to culture cells in a flow, but it allows us to investigate phenomena (e.g., the rolling motion of leukocytes [22] or the migration of granulocytes [23] ) whose mechanisms are still poorly understood. A number of flow chambers have been developed through the years, including parallel-plate flow chambers and stagnation-point flow chambers, that have been used to study, among others, cell adhesion, bacterial adhesion, microsphere deposition, and receptor-ligand bonds [18] , [19] , [21] , [22] , [24] - [28] ; in a parallel-plate flow chamber, the motion of a sphere in laminar flow can be predicted with high approximation, and cell trajectories, speed, and adhesion can be monitored.
This study combines the use of a parallel-plate flow chamber and of nanopatterned polymethylmethacrylate surfaces: as a result, the cells flow steadily over nanopits 100 nm in diameter on a 300-nm pitch. This system allows observation and counting of cells, reproducibility of the experiment, and easy assembly of the nanotopography inside the chamber. Cell adhesion after 1-h flow was quantified. 
II. MATERIALS AND METHODS

A. Fabrication of the Substrate
Samples of polymethylmethacrylate (PMMA) (GoodFellow Cambridge Ltd., Huntingdon, U.K., 1-mm thickness) were patterned following three steps (Fig. 1) .
1) The pitted pattern (100-nm-diameter pits on a 300-nm pitch) was written by electron beam lithography (Leica EBPG5-HR) in the resist onto a silicon master [15] . 2) A nickel shim was electroplated on the developed resist [9] ; thus, the shim was the mold which carried the negative image of the nanopatterned resist.
3) The nickel shim was embossed into a sheet of solid PMMA in an embossing machine (Nanoimprinter, Obducat, Malmö, Sweden). The pattern on the PMMA is the same as on the resist. PMMA was chosen because of its biocompatibility and physical properties (transparent, suitable melting temperature). In the Nanoimprinter, the shim is pressed against the polymer, which is heated above its glass transition temperature (approximately 90 C). The polymer flows in the nanocavities of the shim, and is then cooled (with an injected flow of cold nitrogen) and separated.
A square nanopitted pattern (15 15 mm ) was embossed in the middle of rectangular PMMA sheets at 180 C under 15 bars for 300 s; these samples were used as the bottom wall of the flow chambers (Fig. 2) .
1) Observation of the Replicas:
The embossed PMMA substrates were sputter coated with AuPd, then examined by a Hitachi S800 scanning electron microscope at a voltage of 10 keV.
B. Flow Chamber
The embossed PMMA substrates were sonicated in ethanol for 1 min and in Millipore water for 2 min, and then further rinsed in water twice. The glass slides were cleaned by sonicating in Opticlear, acetone, iso-propanol and water. A sheet of thermoplastic polymer (Nescofilm, Bando Chemical Ind. Ltd., Osaka, Japan) was cut (around a metal master) to create a waterproof gasket for the flow chamber. A parallel-plate flow chamber ( Fig. 2) was constructed by clamping the thermoplastic gasket between a glass slide and the patterned PMMA substrate. The chamber was sealed by melting the gasket at 50 C for 12 h using glass coverslips (0.17 mm thick) as spacers. Two circular holes in the glass slide provided the inlet and outlet of the flow. The chamber is designed to create a laminar flow over the substrate (see Appendix for calculations). The cells interacted with the PMMA topography on the lower wall of the chamber.
C. Cell Culture
Rat epitenon fibroblasts were cultured from laboratory stocks (described by Wojciak et al. [29] ) in HECT complete medium (hepes-buffered Glasgow-modified Eagle's medium (Biowest, Ringmer, East Sussex, U.K.) supplemented with 3% bicarbonate (Gibco, Paisley, U.K.), 10% calf serum (Gibco), 3% antibiotics (Gibco), 10% tryptose broth (Sigma, Dorset, U.K.), 2.85 mM glutamine). Before reaching confluence, the cells were rinsed with hepes/saline and detached for 3 min in 0.01% trypsin in versene. After addition of medium, centrifugation, and counting, a suspension of 10 cells/ml was prepared.
D. Flow Apparatus
The flow chamber was inserted in a flow cell, to which the pipes were connected (Fig. 3) . A 5-ml syringe containing 3 ml of cell suspension generated the flow from a translational syringe-pump (CFP, Chesterfield, U.K.). The flow rate depends on the diameter of the syringe (the diameter of a 5-ml syringe is 11.12 mm) and on the translational velocity of the pump . Table I shows the experimental conditions used for this study.
The flow reached the flow cell through polyvinyl chloride (PVC) pipes (of bore diameter 0.5 mm, Altec, Alton Hants, U.K.), then the inside of the chamber through the circular inlet. The flow chamber was rinsed with a flow of 70% ethanol for 10 min, Millipore water for 10 min, then with ECT growth medium (same as HECT, but not hepes-buffered) for 10 min. The flow of suspended epitenon cells (10 cells/ml) in HECT medium was allowed for 1 h, then the chamber was rinsed with 4% formaldehyde in phosphate-buffered saline (PBS) for 15 min. The formalin fixed the cells that had adhered to the substrate, while washing off the others. When no free-flowing cells were visible, images were acquired for cell counting. All experiments were carried out at 37 C. New PVC pipes and a new flow chamber were used at each experiment. The chamber was observed under an inverted microscope (Leitz Diavert, Wetzlar, Germany). A charge-coupled device (CCD) camera (Panasonic VW-BL600) captured bright-field images with a 2.5 X objective, which were recorded on a Panasonic AG-6720A videorecorder and shown on a monitor (Fig. 4) . Between 11 and 24 frames per experiment were acquired within a 15 4 mm area (the visible patterned area) on four controls and six pitted substrates. The images were digitized with NIH Image (National Institute of Health, Washington, DC) and the adhering cells were counted manually; the cells gathering into clumps were counted as individual ones (Fig. 5) .
Two-tailed -test (assuming unequal variances) was used to compare the statistical significance of cell adhesion on the patterned substrates against the flat control.
III. RESULTS
Embossing was found to be a suitable technique to obtain transparent, thin sheets (approximately 1.2 mm) for the assembling of this flow chamber. Scanning electron microscopy showed that the nanopatterns were successfully embossed, reproducing the original topography of the resist (Fig. 6) . The embossed PMMA samples are suitable for observation under a light microscope, since their transparency yields a very good image quality.
A flow chamber has been designed, which allows real-time, unobtrusive imaging of cells flowing onto a symmetrical nanopatterned substrate. The small height of the chamber makes sure that the flow is laminar and steady over the nanopits (see Appendix for more detail); in such a flow regime it is possible to quantify cell motion by measurements of cell trajectory and speed.
As far as cell adhesion is concerned, Fig. 7 shows the results yielded by this experiment. Epitenon cells adhere much less to the nanopits than to the flat controls. The t-test indicates that these results are statistically significant. Rolling motion and short-time arrests were observed, as reported by Pierres et al. [24] . Cell clumps formed on both patterned and flat surfaces, suggesting that cells adhere more easily to other cells rather than to the substrate, or simply that an adhered cell constitutes an obstacle for a flowing one, thus starting the nucleation of clumps (Fig. 5) . 
IV. DISCUSSION
By producing replicas it is possible to create a large number of inexpensive nanotopographies in a variety of polymers (PMMA, PCL, polycarbonate, etc.). PMMA proved to be the best option for this application, since its glass transition temperature is higher than the one required to seal the flow chamber. The nanopits were successfully embossed in the polymer. Other biocompatible materials should be tried in the future.
This flow chamber proved to be a reliable way of observing a cell flow. It is easily reproducible, cost effective, and of simple assemblage.
The next step in the system design involves the fabrication of a flow cell and chamber where only the patterned PMMA is replaced at each experiment, instead of the whole chamber. This would prevent the time-consuming problems encountered with leaking and/or stress concentration at the circular inlet.
Also, the whole system could be improved by the use of a different flow supply: although the flow can be kept for up to 14 h at a flow rate of 28 s , the cells sediment in the syringe, which means that after approximately 1 h, only growth medium is flowing into the chamber. For this reason, only the initial adhesion was quantified. As a consequence, a morphological analysis of the adhered cells (i.e., quantification of cytoskeletal orientation, area, perimeter of the cells) is not possible because the adhered cells need at least 3 h to spread on the substrate.
Previous work has shown that some nanopatterned surfaces prevent or reduce static epitenon cell adhesion in vitro [15] . The purpose of the present study was to investigate cell adhesion on the nanopits, but in dynamic conditions, which is a much more physiological-resembling situation than the static culture. The present results showed again a significant effect of the nanopits in reducing cell adhesion, meaning that in the interplay of hydrodynamic and interfacial forces, the pattern has still a strong influence. It can be concluded that the cells can "sense" the nanotopography even when undergoing much stronger mechanical forces.
There are reasons to believe that the interfacial forces of some nanopitted surfaces are responsible for the cell adhesion changes, and different hypothesis have been made to explain this phenomenon [11] , [30] . One of the most appealing explanations is that the changes in wettability induced by the pattern [31] selectively change the protein adsorption at the surface, thus affecting the formation of receptor-ligand bonds [30] , [32] . Theoretical models could help understanding the change in interfacial energy that are caused by the surface topography; many attempts have been made to model the colloidal interactions between rough surfaces and micrometric spheres [33] , [34] . Although these idealized systems do not compare directly to the cell-surface interactions, the case of convex asperities (dots) has been successfully addressed by Suresh et al. [33] , suggesting that surface roughness might increase the attraction that causes the flocculation of particles. The case of hollow asperities (pits) has been treated by Herman et al. [34] .
Our next experiment involves the variation of the flow speed to quantify initial cell adhesion on nanopits at different shear rates. Also, a morphological analysis of cells will be carried out by letting the flow run for longer times. Furthermore, since the reaction of cells to nanofeatures has been shown to be cell type dependent, it would be interesting to reproduce these experiments with other cell types; in particular, the behavior of human blood cells at physiological blood shears ( 100 s [37] ) on nanotopography should be investigated.
APPENDIX
There are a very few known cases for which the equations of viscous flow can be solved without approximation; one of them is the flow of an incompressible fluid between two parallel infinite plates [38] . For this geometry the fluid particles move in the x direction parallel to the plates, and there is no velocity in the and direction (Fig. 8) . In the case of steady flow, the Navier-Stokes equations are easily solved and, if the two plates are fixed, the velocity distribution becomes (1) where is the dynamic viscosity of the fluid, is the hydrodynamic pressure, and is the half height of the chamber. Equation (1) shows that the velocity profile between the two fixed plates is parabolic (Fig. 8), i.e., the flow is laminar (characterized by the "slipping motion of layers of fluid over other layers" [39] ). In the case of rectangular ducts, such as the flow chamber in this project, the equations cannot so easily be solved, and the solution is more complex [40] . Because of two pair of sidewalls, the velocity profile is a paraboloid.
However, in this chamber the width is 23 times greater than the height , so that the two slides have been considered as two infinite (wide) parallel plates. The flow is also assumed to be steady and incompressible, and the fluid Newtonian. For this model, three parameters have been calculated (Table I) : 1) the Reynolds number (Re); 2) the entrance length ; and 3) the wall shear rate .
A. Reynolds Number
A way to predict if the flow is going to be laminar or not is to calculate the dimensionless Re, which is the ratio between the inertial forces and the viscous forces due to the flow (2) . If Re , the viscous forces are predominant, so the flow will be laminar
where (3) is the hydraulic diameter for rectangular pipes [38] , is the density of the fluid, is the mean velocity of the flow, is half the height of the chamber, and is the width of the chamber.
The dynamic viscosity of the suspension can be calculated as to Happel and Brenner [41] , and in the case of our dilute system, it can be approximated to the viscosity of the HECT medium, which has been measured with a 27 942 ASTM-IP Ostwald viscometer. At 37 C g ml Calculations of Re for this flow chamber show that the viscous effects are predominant Re , which is not surprising due to the small height of the chamber.
B. Entrance Length
When the flow is entering the chamber, it needs a certain length before it becomes fully developed, i.e., before the velocity profile becomes parabolic. This is the so-called entrance length . Different correlations have been accepted to calculate the entrance length [38] , [39] ; for this chamber, [38, eq. (4) ] has been used, where is the hydraulic diameter:
The turbulent effects due to the geometry have not been considered (the flow pattern represents a sharp-edged "source and sink" configuration [39] ), which means that the entrance length is longer than calculated. However, the distance between the inlet and the centre of the chamber is 19.5 mm, which is 10 times bigger that the calculated entrance length ( m): it seems, then, reasonable to assume that the flow in the middle is fully developed.
C. Wall Shear Rate
The most commonly cited hemodynamic factor implicated in cell adhesion defects, disease initiation, and ligand-receptor bond dissociation is the wall shear stress , while the wall shear rate seems to affect bond formation [42] . The shear rate quantifies the speed of deformation of a flowing fluid, and it is inversely proportional to the viscosity . The wall shear rate is calculated from the velocity distribution in a Newtonian fluid flowing between two wide, parallel plates [38] (5) (5) where is the flow rate. In this flow chamber, s .
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